BACKGROUND & AIMS:
Porphyrias are caused by porphyrin accumulation resulting from defects in the heme biosynthetic pathway that typically lead to photosensitivity and possible end-stage liver disease with an increased risk of hepatocellular carcinoma. Our aims were to study the mechanism of porphyrin-induced cell damage and protein aggregation, including liver injury, where light exposure is absent.
METHODS:
Porphyria was induced in vivo in mice using 3,5-diethoxycarbonyl-1,4-dihydrocollidine or in vitro by exposing human liver Huh7 cells and keratinocytes, or their lysates, to protoporphyrin-IX, other porphyrins, or to d-aminolevulinic acid plus deferoxamine. The livers, cultured cells, or porphyrin exposed purified proteins were analyzed for protein aggregation and oxidation using immunoblotting, mass spectrometry, and electron paramagnetic resonance spectroscopy. Consequences on cell-cycle progression were assessed.
RESULTS: Porphyrin-mediated protein aggregation required porphyrin-photosensitized singlet oxygen and porphyrin carboxylate side-chain deprotonation, and occurred with site-selective native protein methionine oxidation. Noncovalent interaction of protoporphyrin-IX with oxidized proteins led to protein aggregation that was reversed by incubation with acidified n-butanol or high-salt buffer. Phototoxicity and the ensuing proteotoxicity, mimicking porphyria photosensitivity conditions, were validated in cultured keratinocytes. Protoporphyrin-IX inhibited proteasome function by aggregating several proteasomal subunits, and caused cell growth arrest and aggregation of key cell proliferation proteins. Light-independent synergy of protein aggregation was observed when porphyrin was applied together with glucose oxidase as a secondary peroxide source.
CONCLUSIONS:
Photo-excitable porphyrins with deprotonated carboxylates mediate protein aggregation. Porphyrin-mediated proteotoxicity in the absence of light, as in the liver, requires porphyrin accumulation coupled with a second tissue oxidative injury. These findings provide a potential mechanism for internal organ damage and photosensitivity in porphyrias. P orphyrins are cyclic tetrapyrrole ligands found across all life forms. Porphyrins have a metal coordinating center that can be occupied by metals, including zinc in Zn-protoporphyrin-IX (Zn-PP) and iron in heme ( Figure 1A ). Heme biosynthesis is an 8-step enzymatic process, spanning mitochondrial and cytosolic compartments. The first step starts in the mitochondria, with glycine and succinyl Co-A forming d-aminolevulinic acid (ALA), the first committed metabolite of the pathway. [1] [2] [3] [4] ALA then exits the mitochondria to the cytosol where it is successively converted into uroporphyrin (Uro), and then coproporphyrin (Copro), which enters the mitochondria to be converted to protoporphyrin-IX (PP-IX). Subsequently, PP-IX is converted to heme by ferrochelatase, which inserts iron into PP-IX. 1, 2 Notably, liver is the second largest source of heme (15%) after bone marrow (80%), with the remaining 5% being found in kidney and other organs. 4 Heme precursor (eg, Uro, Copro, and PP-IX) accumulation is toxic and, when uncontrolled, results in pathologic conditions termed porphyrias.
Porphyrias are diseases characterized by excess porphyrin accumulation resulting from genetic defects in the heme biosynthetic pathway leading to 8 disorders, and they also may be caused by secondary porphyrin accumulation. [3] [4] [5] Although the type of accumulating porphyrin, the organs affected, and the clinical manifestations vary depending on the porphyria, photosensitivity is a relatively common manifestation. Indeed, 6 porphyrias are associated with dermatologic involvement including erosive photodermatosis and/or acute painful photosensitivity. 4 Notably, accumulations of Uro, Copro, or PP-IX in different combinations and proportions are reported in photosensitivityassociated porphyrias. Given that the liver is the second largest source of heme biosynthesis, it is not surprising that several porphyrias also have hepatic manifestations. For example, different degrees of liver damage are a common feature of hepatic porphyrias as in ALA-dehydratase porphyria, acute intermittent porphyria, and variegate porphyria. 3, 4, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] In addition, in cutaneous or extrahepatic porphyrias such as X-linked protoporphyria and erythropoietic protoporphyria, the source of porphyrin is primarily bone marrow, but liver also accumulates significant excess porphyrin, which leads to hepatic dysfunction. 3, 4, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] The extent of liver damage varies, with a small subset of patients developing end-stage liver disease requiring liver transplantation. 16 For example, 5% of patients with erythropoietic protoporphyria develop acute hepatic insufficiency. 17 The current model for porphyrin-mediated cytotoxicity proposes that reactive oxygen species (ROS) generated through type I/II photosensitized reactions of porphyrins causes cell damage. 16, 18, 19 This explains the severe photosensitive reactions observed in several porphyrias, but does not account for the internal organ damage that also is observed in some porphyria patients.
Although porphyrias have been studied since reported by Schultz in 1874, 20, 21 the mechanisms by which porphyrins mediate their toxicity are not clearly understood. Recently, in vitro and in vivo porphyrinogenic models showed the ability of porphyrins to induce proteotoxic stress and cause organelle-specific protein aggregation. [22] [23] [24] In addition to protein aggregation, porphyrin accumulation also leads to nuclear ultrastructural alteration, endoplasmic reticulum (ER) damage, and proteasomal inhibition. 23, 24 PP-IX-mediated protein aggregation occurs via direct interaction of the porphyrin with its protein target as shown for lamin A/C, but it is not known if this binding is covalent. 22, 23 There is remarkable specificity in the protein aggregation pattern depending on the source and type of porphyrin. For example, ER proteins are more susceptible to endogenously triggered porphyrinogenic stress, whereas intermediate filament (IF) proteins (eg, cytoplasmic keratins and nuclear lamins) are more prone to aggregation upon exogenous porphyrinogenic stress. 23 The selectivity of porphyrin-protein interactions is highlighted further by the observation that known porphyrin-binding proteins do not aggregate under similar experimental conditions. For example, liver fatty acid binding protein 1, an abundant cytosolic protein that binds PP-IX, 25 does not aggregate upon PP-IX accumulation. 23 Similarly, the mitochondrial translocator protein that also binds with PP-IX 26 is unaffected by porphyrin treatment. 23 The relative selectivity of the porphyrin-mediated protein aggregation targets led us to propose that porphyria-associated tissue damage is caused in part by porphyrin-mediated protein aggregation.
occurs through direct interaction of porphyrin with aggregation-prone proteins, via a mechanism that requires ambient light and oxygen, or in the absence of light but via a secondary oxidative stress insult.
Results

Deprotonated Propionate Side Chains of PP-IX Are Essential for Porphyrin-Mediated Protein Aggregation
To identify molecular features of the porphyrin molecule that may be required for protein aggregation, we used a cell-free protein aggregation assay whereby lysates of Huh7 cells (human hepatocellular carcinoma cells), were used to test the effect of different porphyrin derivatives on the formation of high molecular weight (HMW) aggregates of selected proteins. 23 Use of the cell lysate allowed us to test the effect of cell-impermeable porphyrins, such as Uro and Copro ( Figure 1A ), on proteins that are highly susceptible to porphyrin-mediated aggregation (eg, keratin [K]8 and K18, lamin A/C, lamin B1). As shown in Figure 1B -G, exposure of Huh7 lysates to PP-IX at pH 7.4 led to marked K8, K18, lamin A/C, and lamin B1 aggregation. Chelation of PP-IX with iron (to generate heme) led to minimal aggregation, while Zn-PP retained its protein aggregating ability. Of note, Zn-PP is fluorescent whereas hemin is not. Thus, metallating the tetrapyrrole porphyrin maintains its aggregation capacity as long as the chelated product is photo-excitable.
Next, we tested whether the vinyl carbon or the propionate side chain play a role in the observed protein aggregation. Deuteroporphyrin-IX (which lacks the vinyl carbon chain) ( Figure 1A ) resulted in similar protein aggregation compared with PP-IX, whereas, in contrast, PP-IX dimethyl ester (PP-Dim) dramatically decreased protein aggregation ( Figure 1B-G) . This indicates that the ionizable propionic side chain but not the methyl esterification is essential for PP-IX-mediated protein aggregation. Uro and Copro (which have 8 and 4 COOH, respectively) ( Figure 1A ) showed similar protein aggregation compared with PP-IX (which has 2 COOH), thereby suggesting a positional effect of the COOH group or an effect related to the extent of ionization of the Uro and Copro derivatives at pH 7.4 compared with PP-IX. To further confirm the role of ionizability of the propionic acid side chain (acid dissociation constant [pKa] [stronger acidic] ¼ 3.68; pKa [weaker acidic] ¼ 4.96; data retrieved from Human Metabolome Database), we mixed the Huh7 lysate with PP-IX at pH 4.5 to protonate, and pH 8.9 to deprotonate, the propionic acid side chain. Compared with pH 7.4, pH 4.5 abolished the protein aggregating ability of PP-IX, whereas pH 8.9 resulted in marked aggregation ( Figure 1B-G) . Hence, a photo-excitable tetrapyrrole with a deprotonated propionic acid side chain is essential for protein aggregation. This phenomenon was observed for several proteins, namely K8, K18, lamin A/C, and lamin B1. We validated these finding by assessing protein aggregation in intact Huh7 cells using the cell-permeable porphyrin derivatives PP-IX, Zn-PP, and PP-Dim (Figure 2 ).
PP-IX-Mediated Protein Aggregation Requires Oxygen
Because the established paradigm in the field is that porphyrin-mediated cytotoxicity involves porphyrinsensitized generation of ROS and free radicals, 4, 29 we tested whether PP-IX-mediated ROS formation is important for protein aggregation. Huh7 cell lysates were treated with PP-IX under ambient O 2 concentration (w300,000 ppm) or in an anoxic chamber (w5 ppm). Anoxic conditions virtually abolished the ability of PP-IX to cause protein aggregation ( Figure 3A) , which shows the pivotal role played by O 2 in porphyrin-mediated protein aggregation. To identify potential ROS involvement in PP-IX-mediated protein aggregation, PP-IX treatment was performed with or without different excited state or ROS scavengers ( Figure 3B-G and hydroxyl radical had no effect ( Figure 3B -G). Thus, as reported earlier, porphyrins transition between ground to singlet and triplet states, 30 however, as our results show, subsequent generation of 1 O 2 appears to be required for PP-IX-mediated protein aggregation.
In addition to generating singlet oxygen, there is a potential for PP-IX to form radicals that could play a role in protein aggregation. To test this hypothesis, we used electron paramagnetic resonance spectroscopy (EPR) on PP-IX-treated cell lysate with a-(4-pyridyl-1-oxide)-N-tertbutylnitrone (POBN) as a spin trap. PP-IX alone showed 2 distinct EPR signals ( Figure 3H , boxes marked with a dotted line labeled I and II), whereas the lysate alone showed no signal. Incubating the lysate with PP-IX increased the I and II signal amplitudes in addition to a third signal ( Figure 3H , box III), consistent with radical formation. The hyperfine coupling constants for hydrogen (aH) and nitrogen (aN) in the (PP-IX) þ (lysate) spectrum were approximately 2.9 and 15.6 Gauss, respectively. These values are similar to those observed for other POBN radical adducts. 31 As expected, treatment of the lysate-PP-IX mix with NaN 3 markedly dampened the EPR signal amplitude. In summary, we envision a cascade whereby porphyrin in the ground state absorbs light energy and transitions to a triplet/singlet state. The higher energy state then decays back to the ground state, and the released extra energy is taken up by O 2 to form 1 O 2 , which then leads to protein aggregation through a radical-mediated process.
Noncovalent Porphyrin-Protein Interaction and Native Protein Targets Are Required for PP-IX-Mediated Protein Aggregation
Our results show that the protein-aggregating ability of PP-IX is highly dependent on the finer details of its structure (Figure 1) , and its protein-aggregating ability cannot be attributed to the porphyrin's ROS generating capacity alone. For example, the protein-aggregating ability of PP-Dim is markedly less than PP-IX, however, as for PP-IX, PP-Dim also generates ROS 32 and is a better photosensitizer compared with PP-IX. 33 This led us to hypothesize that to mediate protein aggregation, porphyrins need to physically interact with the aggregation-prone proteins in their native forms. To test this hypothesis, we denatured Huh7 cell lysates by heating (95 C, 3 min) or by using 2% sodium dodecyl sulfate (SDS) and then treated the lysates with PP-IX in ambient light and compared aggregation with nondenatured lysates treated with PP-IX. There was significant protection from aggregation in the denatured lysates (especially with 2% SDS) that is readily visualized by Coomassie staining ( Figure 4A , dotted box) and by immunoblotting of K8, K18, lamin A/C, and lamin B1 ( Figure 4B-E) .
To show direct protein-porphyrin interaction, we monitored in-gel (using native polyacrylamide gels) porphyrin fluorescence of porphyrin-treated cell lysates in ambient light or dark conditions with or without heat denaturing the lysates ( Figure 4F and G). Free PP-IX migrated as a discrete visible band ( Figure 4F , arrowhead), and did not fluoresce in the ethidium bromide channel ( Figure 4G ). As expected, the lysate alone did not show any visible fluorescence signal, but when the lysate was incubated with PP-IX there was a dramatic change in the PP-IX signal. The discrete PP-IX banding pattern (observed under visible light) disappeared completely, and a prominent fluorescent smearing pattern appeared under UV light. Notably, the porphyrin-protein interaction under dark conditions that do not cause SDS-polyacrylamide gel electrophoresis (PAGE)-detectable HMW protein aggregation ( Figure 4H and I) or of heat-denatured lysate ( Figure 4A -E) does not change protein-PP-IX interaction ( Figure 4F and G). This indicates that PP-IX binding to proteins changes its fluorescence property, irrespective of the folded state of the proteins, and leads to PP-IX fluorescence (as noted in the ethidium bromide channel). The data also show that PP-IX protein interaction is stronger in the presence of light because it leads to SDS-PAGE-resistant protein aggregates, whereas in dark binding it is detectable only under native gel conditions and does not manifest as SDS-PAGE-resistant HMW aggregates ( Figure 4F-I) .
We then tested the nature of the porphyrin-protein interaction, and whether PP-IX extraction, using high-salt or the acidified organic solvent n-butanol, alters the porphyrin-mediated protein aggregation. The protein aggregation systems we examined were Huh7 cells treated with PP-IX or liver extracts of mice fed the porphyrinogenic compound 3,5-diethoxycarbonyl-1, 4-dihydrocollidine (DDC). Both extraction methods were highly effective in removing the PP-IX from the cell and liver homogenates, with the organic solvent being more effective, without loss in protein recovery ( Figure 4J and K). Importantly, there Figure 2 . PP-IX dimethyl ester does not cause protein aggregation in Huh7 cells. Huh7 cells were treated with the indicated porphyrin derivatives (5 mmol/L, 1 h) followed by blotting using the indicated antibodies (data are representative of 3 independent experiments, and the monomer bands are marked with arrowheads). The scanned aggregate/monomer ratio (shown at the top of the blot) is the average of 3 samples ± SD; statistical significance (*P < .05) was determined using an unpaired t test (2-tailed) compared with PP-IX-treated cells. The porphyrin levels (top of the Coomassie stain lanes) are an average of 3 samples ± SD. (B-E) Huh7 cell lysate (0.5 mg protein/mL in 400 mmol/L phosphate buffer, pH 7.4) was treated with 25 mmol/L of the indicated porphyrin derivatives, or corresponding solvent vehicle (NaOH labeled in blue, and DMA). For assessing the pH effect (last 4 lanes to the right), the reaction mixture was prepared in 400 mmol/L NaH 2 PO 4 (pH 4.5) or 400 mmol/L Na 2 HPO 4 (pH 8.9). After porphyrin treatment, the proteins were separated by SDS-PAGE, followed by blotting with the indicated antibodies. The data are representative of 3 independent experiments, and the monomer bands are marked with an arrowhead. The unlabeled bracket ']' in panel C denotes cross-reactivity of K8 antibody with K18. (F) Coomassie staining of 1 duplicate gel of those used for blotting in panels B-E, the gel is included to show near-equal protein loading. (G) Densitometry scanning of the bands in panels B-E was performed using ImageJ software to quantify the aggregate/monomer band intensity ratio (normalized to 1 in the PP-IX-treated samples). Error bars represent SD (n ¼ 3 experiments); statistical significance was determined using an unpaired t test (2-tailed). *P < .05 and denotes comparison with PP-IX. The mean aggregate/monomer ratio ± SD (n ¼ 3) also is shown at the top of the blots.
was a marked decrease in the level of residual K18 HMW aggregates after porphyrin extraction ( Figure 4L and M), and a similar trend was observed for K8 and lamins ( Figure 5 ). Thus, in the presence of light and O 2 , PP-IX interacts preferentially with proteins in their native conformation through noncovalent ionic and hydrophobic interactions and leads to protein aggregation.
Porphyrin Phototoxicity in Keratinocytes Involves Organelle Selective Protein Aggregation
Because several genetic porphyrias show severe photosensitivity, 4 we tested whether porphyrin accumulation and subsequent protein aggregation extends to keratinocytes. We used N/Tert keratinocytes, which are normal human keratinocytes immortalized by transfection to express TERT. C, in light conditions), in the presence or absence of the indicated excited state/free radical scavengers. Lysates then were blotted with the indicated antibodies. The data are representative of 3 independent experiments. Samples to the left and right of the dotted lines were analyzed on the same gel (monomer bands are highlighted by arrowheads). Where shown as separate panels (B), the monomer (lower panel) was exposed for 5 seconds, whereas the HMW aggregates (upper panel) were exposed for 5 minutes. (F) Coomassie staining of a typical gel used in panels B-E is included to show similar protein loading. (G) Densitometry scanning of the bands in panels B-E was performed using ImageJ software to quantify the aggregate/monomer band intensity ratios (normalized to 1 in the PP-IX-treated samples). Error bars represent SD (n ¼ 3 experiments); statistical significance was determined using an unpaired t test (2-tailed). *P < .05 and denotes comparison with PP-IX. The mean aggregate/monomer ratio ± SD (n ¼ 3) also is shown at the top of the blots in panels B-E. (H) Huh7 cell lysate (4 mg protein/mL) was treated with 200 mmol/L of PP-IX (supplemented with 20 mmol/L NaN 3 , where indicated; all samples included 36 mmol/L of POBN) for 15 minutes, and continuous-wave EPR spectra were collected. The dotted lines highlight the EPR peaks (boxes I-III).
34,35
To mimic porphyria-associated photosensitivity, we treated the keratinocytes with PP-IX (5 mmol/L, 1 h), or overnight with ALA (1 mmol/L) and deferoxamine (DFO, 100 mmol/L). One set of cells was completely shielded from light during PP-IX or ALA þ DFO treatment (labeled as D), while the samples labeled as L were exposed to ambient light during treatment through usual incubator door opening and closing. After harvesting, both sets were processed in the dark. As expected, light exposure did not have an appreciable effect in porphyrin accumulation ( Figure 6A , porphyrin measurements are shown at the top of the Coomassie-stained lanes). Notably, porphyrin accumulation in light-exposed cells C for 3 minutes (processing of samples in dark were done as described before 23 ). Samples were separated using native PAGE, and then scanned under (F) visible or (G) UV light. (H and I) An aliquot of lysate from the experiment described in panels F and G was separated using SDS-PAGE and (H) visualized by Coomassie staining, and (I) then blotted with anti-K18 antibody. (I) Arrowhead points to monomeric K18 (film was exposed for 5 s), whereas the HMW aggregate film (upper panel) was exposed for 5 minutes. (J-M) Porphyrins were extracted from (J and L) Huh7 cells that were pretreated with 5 mmol/L PP-IX for 1 hour, or from (K and M) livers of C57BL/6 male mice fed DDC for 5 days, using high salt extraction (HSE) or acidified n-butanol (n-but), and compared with the unextracted pellet sample (pellet) as detailed in the Materials and Methods section. (J and K) After extraction, the residual porphyrin was measured, and the porphyrin fluorescence was normalized to the cellular protein content and expressed as an average of 3 independent experiments ± SD (top). (J) **P ¼ .003, ***P ¼ .0005 denote comparison with pellet with added PP-IX, and was determined using an unpaired t test (2-tailed). (K) **P ¼ .005, ***P ¼ .0005 denote comparison with pellet with added PP-IX, and was determined using an unpaired t test (2-tailed). Proteins were separated by SDS-PAGE and visualized by (J and K) Coomassie staining and (L and M) blotting with anti-K18 antibody. Monomer bands are marked by arrowheads, and the data are representative of 3 independent experiments. (L and M) Densitometry scanning of the bands was performed using ImageJ software to quantify the aggregate/monomer band intensity ratio (normalized to 1 before extraction of the porphyrin). Error bars represent SD (n ¼ 3 experiments); statistical significance was determined using an unpaired t test (2-tailed). (L) *P ¼ .02, **P ¼ .002. (M) ***P ¼ .0007, **P ¼ .001 denotes comparison with pellet (þPP-IX or þDDC). Figure 6B , C). In addition, several components of the protein clearance machinery such as p62 and ubiquitinated proteins were aggregated and accumulated, respectively ( Figure 6 ). Importantly, because the light-exposed samples also were dark-processed, the organelle-specific protein aggregation was not caused by a processing artifact from cell content intermixing after cell lysis.
PP-IX Oxidizes the Hydrophobic Residues of the Heptad Coiled-Coil Motif of IF Proteins
Because PP-IX generates (Figure 3 ), we undertook a targeted approach and searched the collected MS data to selectively examine 1 O 2 -mediated amino acid oxidations that have been reported previously. 36, 37 The abundance of the peptides with oxidized amino acids were normalized to the total peptide content of each protein.
For the IF proteins we tested, a significant increase in oxidized methionine residues compared with vehicle-treated cells was Figure 4J and L) and (E-H) lysates from livers of DDC-fed mice (same as used in Figure 4K and M) were separated by SDS-PAGE and blotted with the indicated antibodies. Arrowheads highlight the monomer bands. (D and H) Densitometry scanning of the bands (shown in blots A-C for panel D, and shown in blots E-G for panel H) was performed using ImageJ software to quantify the aggregate/monomer band intensity ratios. The aggregate/monomer ratio in the þPP-IX or þDDC pellet samples was normalized to 1. (D and H) The error bars represent SD (n ¼ 3 experiments); statistical significance was determined using an unpaired t test (2-tailed). (D) ***P < .0005, *P ¼ .02 denotes comparison with pellet (þPP-IX). (H) ***P ¼ .0001, **P ¼ .007, *P ¼ .01 denotes comparison with pellet (þDDC). As expected, HSE samples do not show any Lamin A/C or B1 bands.
observed (particularly for keratins as compared with lamins) ( Figure 7A and B) . An important structural feature of IF proteins is that their central coiled-coil a-helix motif that consists of 310-350 amino acid heptad repeats represented as (a-b-c-d-e-f-g) n, where residues a and d are typically hydrophobic and residues b, c, e, f, and g often are charged. 38 Mapping of the oxidized residues showed that the majority are at positions a and d ( Figure 7B ). Notably, for lamin A/C (M352) and B1 (M353), these residues were the only ones significantly oxidized and they shared the motif Because IF proteins are not the only proteins that aggregate upon porphyrin accumulation, 23 we expanded the proteomic analysis to the entire Huh7 proteome. Relative quantitation of the oxidized amino acid products after PP-IX treatment showed dramatic increases in methionine (Met)-sulfoxide and Met-sulfone in PP-IX-treated samples ( Figure 7C ). Although tyrosine hydroperoxide and cysteic acid levels did not change appreciably, tryptophan oxidation products (n-formylkynurenine, hydroxyl-kynurenine, and kynurenine) increased in PP-IX-treated cells ( Figure 7C ) as noted upon using purified peptides, 37 but the changes were The cells then were processed in the dark, which entailed protein isolation and separation using SDS-PAGE under reducing conditions and blotting with antibodies to the indicated antigens. Porphyrin levels were normalized to cellular protein content and averaged from 2 independent experiments ± SD (shown above the Coomassie stain in panel A). The dotted windows highlight the HMW aggregates, and the arrowheads denote the monomers. Coomassie staining is included as loading control. The data shown in panel B is representative of 3 independent experiments. (C) Densitometry scanning of the bands in panel B was performed using ImageJ software to quantify the aggregate/monomer band intensity ratio (the control sample [C] was normalized to 1). Error bars represent SD (n ¼ 3 experiments), and statistical significance was determined using an unpaired t test (2-tailed). *P < .05, and denotes comparison with control. (D and E) Ubiquitin blot of the lysates used in panel B; the difference in band intensity between control (C) and PP-IX-or ALA þ DFO-treated cells is shown in panel E. Error bars represent SD (n ¼ 3 experiments), and statistical significance was determined using an unpaired t test (2-tailed). *P < .05 and denotes comparison with control. The mean aggregate (dotted box) to monomer ratio ± SD (n ¼ 3, panels B and D) is shown at the top of the blot, and the mean band intensity change ± SD (n ¼ 3, panel E) is shown. PDI, protein disulfide isomerase; RFU, Relative Fluorescence Unit.
not statistically significant. Because methionine was the most susceptible amino acid to PP-IX-mediated oxidation, we validated our findings by analyzing free methionine oxidation patterns in cell-free Huh7 lysates treated with PP-IX. Free methionine decreased 4-fold after PP-IX treatment commensurate with a concomitant increase in the formation of Met-sulfoxide (9-fold) and Met-sulfone (5-fold) ( Figure 7D ).
To further delineate the role of oxidation, we analyzed the extent of protein oxidation in aggregated vs monomeric species after PP-IX treatment. To test this hypothesis, we treated Huh7 cells with PP-IX and validated protein aggregation by immunoblotting for K18 ( Figure 7E , dotted region). Next, we used an MS-based proteomic approach to test proteins from 3 independents sets of control and PP-IX-treated samples whereby the SDS-PAGE separated lanes were divided into areas I-V ( Figure 7F ). The proteins were eluted from the different gel regions, digested with trypsin, and then analyzed by MS. The percentage of peptide abundance in the different segments of the lanes showed that K8 and K18 HMW aggregates were present predominantly in regions II and III, whereas lamins A/C and B1 HMW aggregates were detected in regions III and IV ( Figure 7G ). There was a significantly higher proportion of oxidized K8, K18, and lamin A/C peptides in the HMW aggregates of PP-IX-treated cells ( Figure 7H ).
Next, we tested how protein denaturation (which abrogates PP-IX-aggregating potential) ( Figure 4A -E) alters PP-IX-mediated protein oxidation. Huh7 cell lysates were predenatured (either by heating for 3 minutes at 95 C or with 2% SDS), treated with PP-IX, and compared with PP-IX treatment of native proteins. MS (Figure 8 ) allowed us to quantify the abundance of peptides from proteins with oxidized amino acids in PP-IX-treated denatured vs native samples as detailed in the Materials and Methods section. Figure 8A shows the plot of -Log 10 (P value) vs the ratio of Ox-denatured to Ox-native peptides. Of the 43,200 peptides identified by MS, 2753 peptides were oxidized after PP-IX treatment ( Figure 8C ). The oxidation level of the majority of the peptides did not change significantly when comparing denatured PP-IX and native PP-IX samples, but there was a fraction (253 peptides) that were significantly less oxidized when the proteins were denatured by 2% SDS. Notably, 169 peptides were oxidized only when the native proteins were treated with PP-IX, but not when they were predenatured by SDS ("unique to native") ( Figure 8C) . A small subset of peptides showed increased oxidation in the samples that were predenatured, which could be attributed to protein unfolding and increased access to PP-IX-generated 1 O 2 . A similar trend for K18 was observed when the samples were heat denatured, then treated with PP-IX, and compared with native proteins treated with PP-IX ( Figure 8D-F) . K8 and lamin A/C showed similar trends ( Figure 9 ). These findings highlight the selectivity of PP-IX-mediated protein oxidation and how it is guided by the conformation of the susceptible proteins. Therefore, PP-IX appears to selectively oxidize specific residues in aggregation-prone proteins, and the oxidized proteins coalesce by noncovalent PP-IX protein interactions to form the HMW aggregates that are resistant to SDS-PAGE separation.
PP-IX Serves as a Persistent Source of Oxidants and Does Not Undergo Rapid Autoxidation
Earlier studies have shown that porphyrin-generated 1 O 2 causes intramolecular self-oxidation of the porphyrin ring. [39] [40] [41] Because photosensitized PP-IX causes protein oxidation, we tested whether PP-IX becomes autoxidized in the protein PP-IX reaction mixture. To address this question, we treated Huh7 cell lysate (adjusted to 0.5 mg/mL protein) with 50 mmol/L PP-IX. The control reaction mixture consisted of 50 mmol/L PP-IX mixed with the lysate buffer. After extraction with methanol, PP-IX was analyzed by liquid chromatography MS and ultra-performance liquid chromatography with UV detection. Compared with PP-IX alone, the PP-IX protein reaction mixture showed no decrease in the PP-IX amount, as judged by the positive ion-mode (M þ H) þ 563 signal that corresponded to PP-IX alone ( Figure 10A-C) . In addition, no new masses were observed in the PP-IX protein reaction mixture ( Figure 10D and E) . Analysis of the UV chromatogram at 400 nm (absorbance maxima for PP-IX) did not show any new peaks in the PP-IX protein reaction mixture ( Figure 10F-H) . Therefore, PP-IX preferentially oxidizes the proteins it binds to without significant autoxidation in the time frame of the experiment. This suggests that PP-IX may serve as a persistent, nearly catalytic source of oxidants. 3 experiments) , and statistical significance was determined using an unpaired t test (2-tailed). *P ¼ .013, **P ¼ .004, and ***P ¼ .001 and denotes comparison with PP-IX-treated monomer. agg, aggregate.
Light-Independent Protein Aggregation by Porphyrins
Protein oxidation is a key process in PP-IX-mediated protein aggregation, and the oxidant ( 1 O 2 ) is formed by light-sensitized PP-IX; although in the absence of light there is no oxidant formation, and hence barely detectable HMW aggregate formation that is resistant to SDS-PAGE separation. We hypothesized that if a secondary source of ROS were provided, porphyrins would be able to induce protein aggregation even in the absence of light. To test this hypothesis, we treated Huh7 with 12.5-50 mU/mL of glucose oxidase (GOX) as a source of hydrogen peroxide for 24 hours in the presence or absence of ALA þ DFO. Exposure to GOX alone induced protein aggregation, particularly at higher concentrations ( Figure 11A-E) , but co-treatment of GOX with ALA þ DFO increased protein aggregation in both dark and light conditions (light > dark) for K8 and K18 ( Figure 11A , B, E, and G). For aggregation-prone proteins that had cysteine residues (eg, lamin B1), analysis also was performed under nonreducing SDS-PAGE. Lamin B1 showed GOX/ALA þ DFO synergy only under nonreducing but not under reducing conditions (Figure 11C and D) . This highlights the significant effect that PP-IX has on protein conformation because protein interaction with PP-IX likely increased access to GOX-generated hydrogen peroxide by possibly unfolding lamin B1, as quantified by the aggregate to monomer ratio as a function of GOX concentration ( Figure 11F and G). Increasing GOX concentration led to a linear increase in aggregate/monomer ratios for the 4 proteins tested (K8, K18, lamin A/C, and lamin B1), with an additive effect of ALAþDFO (light > dark), manifested as increased y-intercept and slope (ALA þ DFO, light > ALA þ DFO, dark > control) ( Figure 11G ). Hence, in the presence of a secondary source of ROS, porphyrin accumulation promotes protein aggregation independent of light.
PP-IX Inhibits the Proteasome by Preferential Aggregation of Proteasome Regulatory Particle Subunits
Previously, we showed that porphyrin inhibits the peptidase activity of the proteasome in liver extracts obtained from DDC-fed mice, 42 and in lysates of cultured cells pretreated with PP-IX or ALA þ DFO. 23 We hypothesized that PP-IX-mediated proteasome inhibition involves proteasomal subunit aggregation. To test this hypothesis, using lysates from the experiment described in Figure 7E -G, we validated proteasome inhibition by the accumulation of ubiquitinated proteins ( Figure 12A , dotted region). Next, we used the same MS-based proteomic approach and samples described in Figure 7E -G to test whether proteasome subunits were aggregated upon exposure to PP-IX. Proteins from control and PP-IXtreated samples were separated using reducing SDS-PAGE conditions, and the lanes were divided into areas I-V ( Figure 7F ). Proteins that were detected in a region higher than its known molecular weight were considered to be aggregated. For example, monomeric RPN5 (53 kilodaltons) was detected solely in region I in control samples, whereas RPN5 was detected primarily in the higher regions II and III only in PP-IX-treated samples ( Figure 12B ). Notably, 6 proteasome subunits belonging to the 19S regulatory particle and 1 proteasome-associated scaffold protein (proteasome adapter and scaffold protein Ecm29) were aggregated as judged by their prominent abundance in HMW aggregate forms ( Figure 12C ). We validated these finding using immunoblotting by showing decreased RPN1 monomer antibody reactivity after PP-IX treatment ( Figure 12D and E) . Long exposure of the radiograph film ( Figure 12D ) did not detect HMW aggregates. We have observed this phenomenon previously in other proteins such as lamin B1 (eg, Figure 10 in Maitra et al 23 ), which we attribute to loss of antibody reactivity to the target antigen resulting from epitope masking by oxidation and/or aggregation. To further show this phenomenon of antibody epitope masking, we treated Huh7 cell lysates with 5, 25, and 125 mmol/L of PP-IX followed by immunoblotting of the proteins using anti-p62 antibody ( Figure 12F ). Lower concentrations of PP-IX (5 mmol/L) led to loss of p62 monomer and concomitant formation of HMW aggregates. Increasing the PP-IX concentration to 25 and 125 mmol/L still caused monomer loss, but the HMW aggregate level did not increase appreciably, thereby highlighting the decrease in antibody reactivity to markedly aggregated forms of the protein. Thus, loss of the 26S proteasome regulatory subunit RPN1 monomer antibody reactivity likely reflects a surrogate indirect assessment of protein aggregation after PP-IX treatment given the validation by MS, which showed RPN1 peptides in higher regions of the gel. Collectively, PP-IX accumulation inhibits the homeostatic machinery of the proteasome by selective aggregation of its subunit particles. 
Porphyrin Accumulation Abolishes the Proliferative Capacity of Huh7 Cells
To further assess the effect of protein aggregation on cellular homeostasis, we examined the effect of ALA þ DFO on Huh7 cell growth and cell cycle progression. As expected, cells treated with ALA þ DFO manifested a time-dependent increase in porphyrin accumulation ( Figure 13A ). Porphyrin accumulation correlated with a lack of cell growth because Trypan blue exclusion staining of the cells showed that ALA þ DFO-treated cells did not show cell death, although their cell numbers did not increase ( Figure 13B ). Cell-cycle analysis showed that control cells grew asynchronously as expected, and the ALA þ DFO-treated cells did not manifest appreciable changes in the G0/G1, S, and G2/M cell fractions (Figure 13C and D) . These cell cycle profiles were commensurate with a significant decrease in antibody reactivity to proliferating cell nuclear antigen (essential for DNA replication and repair 43 ), cyclin B1 (essential for mitosis 44 ), and cyclin-dependent kinase 4 The data are an average of 3 independent experiments with error bars representing SD. Statistical significance was determined using an unpaired t test (2-tailed).
(essential for G1-phase progression 45 ) (Figure 14 ). In addition, ubiquitinated proteins accumulated in ALA þ DFO-treated cells ( Figure 14G and H) . Hence, PP-IX accumulation after ALA þ DFO treatment caused cell growth arrest that likely was due to PP-IX-mediated aggregation of key proteins involved in cell proliferation and cell-cycle progression.
Discussion
Porphyrin-Mediated Protein Aggregation Is Reversible
Our results highlight the pivotal role of low pH and protonation of the PP-IX propionate side chain in blocking PP-IX-mediated protein aggregation. This suggests that deporphyrination and lack of, or limited, aggregation in the acidic compartments of autophagolysosomes might reverse porphyrin-protein aggregation, thereby potentially restoring a functional protein pool unless protein oxidation of the monomer interferes with its function. Indeed, porphyrin accumulation in zebrafish induces autophagy, possibly to mitigate the proteotoxic stress, 24 while activating autophagy by rapamycin decreases DDC-induced protein inclusion body formation. 46 Thus, inducing autophagy and/or deporphyrination and disaggregation may provide a potential therapeutic strategy in porphyriaassociated tissue damage, as occurs in photosensitive skin lesions. This could be owing to reasons ranging from poor partitioning in the cytoplasmic compartment (eg, b-carotene) to poor scavenging ability of the specific ROS that is generated. As our data show, choosing the appropriate ROS scavenger (eg, trolox) is of paramount importance in preventing porphyrin-mediated protein aggregation. Trolox is a cellpermeable vitamin E derivative that efficiently protects from porphyrin-mediated protein aggregation. It may be possible to consider combination therapy in the context of porphyria-associated photosensitivity, such as using targeted ROS scavengers in addition to afamelanotide, with the latter leading to increased production of eumelanin and a subsequent decrease in light penetrance. Histogram summarizing the abundance of proteasome subunits and proteasome-associated proteins detected as HMW aggregates by MS in PP-IX-treated vs control cells. Proteins that were detected in a region higher than their known molecular weights were considered to be aggregated. The data are the average of 3 independent experiments with error bars representing SD. Statistical significance was determined using an unpaired t test (2-tailed). *P ¼ .01, **P < .009, ***P < .0006, and ****P ¼ .00009 denotes comparison with control. (D) Aliquots from the samples in panel A were separated by SDS-PAGE and then blotted with anti-RPN1 antibody. The lower panel (labeled Short) denotes a 3-minute exposure of the film, and the upper panel (labeled Long) denotes overnight exposure. A Ponceau stain of the membrane is included to show similar loading of the samples. (E) Quantification of the monomer band intensity of RPN1 using the Short exposure film. The data were averaged from 3 independent experiments, with error bars representing the standard error of measurement. The monomer band intensity ± SD (n ¼ 3) also is shown at the top of the blot. (F) Huh7 cells were solubilized in 1% NP-40, and the soluble protein fraction was adjusted to 1 mg/mL followed by treatment with 5, 25, 125 mmol/L of PP-IX. Proteins then were separated by SDS-PAGE (reducing conditions) and blotted with anti-p62 antibody. The monomer bands are marked with arrowheads. A shorter (left panel) and longer exposure (right panel) of the same membrane is shown. MW, molecular weight.
the diffusible oxidant hypochlorous acid) binds to the oxidation target apoA-I moiety of high-density lipoprotein. 53 Singlet oxygen sources, including porphyrins, also may cause intramolecular self-oxidation of the porphyrin ring, 39-41 but we did not detect measurable oxidized porphyrin products within the time frame of the analysis. Thus, porphyrin-protein interactions switch the balance of the interaction pathway overwhelmingly toward targeted intermolecular oxidation, which implies that intracellular porphyrins might act as a sustaining and catalytic source of singlet oxygen.
Oxidation of Select Amino Acids by Porphyrins
We tested the potential oxidation of amino acids in IF proteins because of their relative structural conservation 38, [54] [55] [56] [57] and their susceptibility to aggregation in the presence of porphyrins. [22] [23] [24] Oxidation of residues a/ d in the a-g heptad repeats of the IF coiled-coil a-helical rod domain, particularly methionines, suggests that structural considerations within the a-helical domain promote accessibility of these residues and lead to aggregation in a mechanism that remains to be defined. Small peptides with heptad motifs are known to form coiled-coil superhelical structures. 58 Covalently linked porphyrin-peptide conjugates are known to form supramolecular aggregates where the peptide molecule wraps around the hydrophobic porphyrin macrocycle. 59, 60 For example, a peptide comprising 3 contiguous heptad motif repeats selfassembled to form millimeter scale fibrils when incubated ) were seeded on a 150-mm plate on day 0, and after 1 day the medium was changed and ALA þ DFO-containing media were added. Cells were harvested by trypsinization at the indicated days after ALA þ DFO treatment. A duplicate dish without ALA þ DFO was maintained similarly. (A) Cellular porphyrin levels (normalized to protein content). The data are the average of 3 independent experiments, with error bars representing standard error of measurement. (B) The number of viable cells (±ALAþDFO) after the indicated days, measured using Trypan blue exclusion. The number of cells that were plated was normalized to 1 to calculate the fold change in cell number (averaged from 4 independent experiments), with error bars representing the standard error of measurement; statistical significance was determined using an unpaired t test (2-tailed). *P < .05 and denotes comparison with control. (C) Histograms show DNA content (x-axis, fluorescence intensity of the nuclear stain, fXCycle Red-A, ThermoFisher Scientific, Waltham, MA) and relative distribution of populations in different cell-cycle phases (y-axis) obtained as detailed in the Materials and Methods section. The data are representative of 3 independent experiments. (D) Quantification of the proportion of cells in different cell-cycle phases as a function of ALA þ DFO treatment days. The data are an average of 3 independent experiments, with error bars representing the standard error of measurement. Statistical significance was determined using an unpaired t test (2-tailed). *P ¼ .04, **P ¼ .007 and denotes comparison with control. RFU, Relative Fluorescence Unit.
with cobalt(III)-PP-IX in phosphate buffer. 61 These findings raise the possibility that porphyrin-mediated oxidation and subsequent change of heptad periodicity initiates the porphyrin-protein-aggregated structures. Porphyrins bind to proteins by several types of noncovalent interactions between the porphyrin moiety and the amino acid side chain. Some examples of such interactions are CH-p and XHp interactions, 62, 63 H-bonding and hydrophobic interactions, 64 and noncanonical interactions such as CH-O, CH-N, and a small percentage involving sulfur atoms. 65 In addition to porphyrin-protein associations, porphyrinporphyrin interactions also occur. 66 A combination of porphyrin-porphyrin and porphyrin-protein interactions are reported to form mesoscale fibers consisting of a continuous lattice of peptides held together by transinteracting porphyrin moieties. 67 Several studies had been performed on porphyrin binding to small peptides with formation of supramolecular aggregates, 58-60 but we analyzed proteins in a complex biologic milieu. Although the precise binding mode remains to be defined, protein oxidation plays an important role in the process. Comparison of the IF protein oxidation pattern also showed heterogeneity in terms of the number of oxidized residues ( Figure 7B) , with K8 and K18 having a significantly higher number of oxidized residues compared with lamins. A prior study 68 showed that oxidation of M46 in glyceraldehyde-3-phosphate dehydrogenase led to its aggregation. For lamins, we observed oxidation in the conserved M352 (lamin A/C) and M353 (lamin B1) with an MQQ motif. Thus, oxidation of a small number of key residues might be sufficient to induce protein conformational changes that leads to aggregate formation. Figure 13 were tested by blotting using antibodies to the indicated proteins (arrowhead denotes the monomer). The blots are representative of 3 independent experiments. (A) For the proliferating cell nuclear antigen (PCNA) blot, the monomer band was visualized after exposing the membrane for 5 seconds, and the HMW aggregate was visualized after overnight exposure. (B, D, and F) The band intensities are expressed as the average of 3 independent experiments with error bars representing the standard error of measurement. Statistical significance was determined using an unpaired t test (2-tailed). *P < .05, **P < .008 and denotes comparison with control. (G) For the ubiquitin (Ub) blot, the difference in band intensity (between control and ALA þ DFO-treated samples) of the region highlighted by the dotted box was used to quantify the extent of Ub protein accumulation. The mean change in band intensity ±SD (N = 3) also is included at the top of the Ub blot. 
Porphyria as a Two-Hit Condition in Liver and Possibly Other Internal Organs
Our current and previous 23 work showed the unique ability of porphyrins to mediate protein aggregation in the presence of ambient light ( Figure 15 ). However, porphyrininduced damage is not limited to light-exposed tissues. For example, liver (a major source of porphyrin accumulation) also is damaged in hepatic porphyrias and in erythropoietic protoporphyria.
3,4,6-15 Indeed, we observed, that in experimental models of porphyria such as DDC feeding, mouse livers accumulated protein aggregates. 23 Short-term DDC feeding (5 days) resulted in keratin aggregation and lamin B1 monomer loss, even in dark conditions. 23 This has been difficult to reconcile given the absence of photoactivation in internal organs. However, our findings indicate that porphyrins aggregate proteins independent of light if there is an additional oxidant source ( Figure 11 ). Several contexts might promote light-independent generation of oxidative stress ( Figure 15 ). For example, after DDC feeding there is an influx of inflammatory cells, 69, 70 with subsequent ROS generation including hypochlorous acid (from myeloperoxidase), O 2 -(from reduced nicotinamide adenine dinucleotide phosphate oxidase), and peroxynitrite (from nitric oxide synthase) that could provide the second oxidative hit and lead to protein oxidation and then formation of protein-porphyrin aggregates. In addition to inflammatory triggers, porphyrin accumulation might cause lightindependent ROS by interacting with the hepatic cytochrome P450 system. For example, reduction of Uro to its anion radical by liver microsomal cytochrome P450 reductase, and subsequent formation of O 2 -, creates lightindependent hepatic oxidative stress. 71, 72 Thus, for internal organs, porphyria in conjunction with oxidative stress from other parallel modes of injury jointly create the milieu for protein aggregation and proteotoxicity (reviewed by Maitra et al 73 ).
Porphyrin-Mediated Protein Aggregation Is a Disruptor of Cellular Homeostasis
Porphyrin accumulation and the ensuing protein aggregation have profound effects in altering cellular protein and organelle function, as exemplified by aggregation of ER stress-related proteins and activation of ER stress pathways. 23, 24 Similarly, porphyrin-mediated aggregation of nuclear lamins A/C and B1 is associated with significant nuclear shape distortion. 23 Another important component of cellular proteostasis is the proteasome, whereby porphyrin accumulation causes inhibition of proteasome peptidase activity. 23, 42, 74 The function of the 19S subunit is to bind and then de-ubiquitinate ubiquitinated proteins, followed by directing them to the proteasome core for degradation. 75 Findings herein further show porphyrin-mediated aggregation of the 19S regulatory particle proteasome subunits, which likely contributes to the observed inhibition of proteasomal function. Thus, porphyrin-proteasome interaction impairs the proteasome through a 2-pronged mechanism: by inhibiting the peptidase activity, 23 and by impairing recognition of ubiquitinated substrates (Figure 12) .
Another important cellular function that involves coordinated protein synthesis and degradation is cell-cycle progression. Previous studies have shown that treating cells with PP-IX for 12 hours caused cell-cycle arrest, but the mechanism of such arrest was not explored. 76 Our current data on ALA þ DFO treatment of cells further highlights the role of porphyrin in disrupting normal cell-cycle progression via aggregation of important proteins involved in the process and blocking the cell cycle at all stages.
Conclusions
Porphyrins generate singlet oxygen via type II class reactions, which leads to protein oxidation and then aggregation through noncovalent porphyrin-protein interactions ( Figure 15 ). The deprotonation of the carboxylate moiety of PP-IX is essential for the ability of porphyrin to cause protein aggregation. Furthermore, PP-IX accumulation synergizes with other ROS to accentuate cell damage, which provides a potential mechanism for liver and other internal organ tissue injury that is independent of photoactivation. Collectively, these findings provide insight into the mechanism of tissue injury in porphyria, and might provide clues for designing improved photodynamic therapy strategies by harnessing the power of porphyrin's proteotoxicity. 77 
Materials and Methods
Cell Lines and Mouse Husbandry
Huh7 cells (originally from the Japanese Collection of Research Bioresources Cell Bank) were a kind gift from Dr Lei Yin (University of Michigan). Huh7 cells were grown in Dulbecco's modified Eagle medium (Cellgro, Manassas, VA) supplemented with 10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO). N/Tert keratinocytes were grown in K-SFM media (GIBCO/Invitrogen, Waltham, MA) supplemented with bovine pituitary extract (25 mg/mL), epidermal growth factor (0.2 ng/mL), and 0.3 mmol/L CaCl 2 (all final concentrations). All animal studies were approved by the Animal Use and Care Committee at the University of Michigan. Male C57BL6 mice (age, 1 month) were fed 0.1% DDC (Sigma-Aldrich) followed by harvesting of livers. 23 
Reagents
The reagents we used included the following: PP-IX, Zn-PP, TMPD, ethyl sorbate, sodium azide (NaN 3 ), mannitol, glucose oxidase, and superoxide dismutase were purchased from Sigma-Aldrich. Catalase was from Calbiochem (Burlington, MA). Hemin, Uro, and Copro were obtained from Frontier Scientific (Logan, UT). POBN was from Cayman Chemicals (Ann Arbor, MI). The following stock solutions were prepared for subsequent use: PP-IX (1.78 mmol/L in dimethylacetamide [DMA]); hemin (1.53 mmol/L in 100 mmol/L NaOH); Zn-PP (0.5 mmol/L in DMA); Uro (5 mmol/ L in 100 mmol/L NaOH); Copro (5 mmol/L in 100 mmol/L NaOH); NaN 3 (100 mmol/L in 400 mmol/L phosphate buffer, pH 7.4); mannitol (100 mmol/L in 400 mmol/L phosphate buffer, pH 7.4); TMPD (121.7 mmol/L in DMA); and trolox (100 mmol/L in DMA). A detailed list of the reagents used is included in Appendix I.
Porphyrin Treatment, SDS-PAGE, and Immunoblotting
Huh7 cells were lysed with 1% Nonidet P-40 (NP-40) in phosphate-buffered saline (PBS) (pH 7.4) containing 5 mmol/ L EDTA and protease inhibitors cocktail (catalog 78410; ThermoScientific, Waltham MA) and spun at 14,000g for 10 minutes at 4 C. The insoluble pellet fraction was solubilized with 1% Empigen BB (in PBS, pH 7.4, containing 5 mmol/L EDTA and protease inhibitors cocktail; catalog 78410; ThermoScientific). The final composition of the reaction mixture was 0.5 mg/mL protein ± 25 mmol/L of the indicated porphyrin derivatives in 400 mmol/L phosphate buffer (pH 7.4). Control reactions comprised the same concentration of the solvent vehicle, either NaOH (for water-soluble porphyrin derivatives) or DMA. For pH titration experiments, the reaction mixture was prepared in 400 mmol/L NaH 2 PO 4 (pH 4.5) or 400 mmol/L Na 2 HPO 4 (pH 8.9). After incubating the reaction mixture (30 min, 37 C in light conditions), reducing Laemmli sample buffer was added and 10 mg of protein was separated on SDS-PAGE and either stained with Coomassie blue (to visualize the proteins) or transferred to polyvinylidene fluoride membranes for immunoblotting. For visualization of immunoblots, horseradish-peroxidase-conjugated secondary antibody was used. After incubating the polyvinylidene fluoride membrane with secondary antibody the membrane was washed, then the chemiluminescence substrate was added, and the ensuing chemiluminescence was captured by exposing radiograph film to the polyvinylidene fluoride membrane. Different exposure times from the same membrane were captured to record lowintensity and high-intensity signals. The antibodies used included those directed to lamin A/C, ubiquitin (Santa Cruz Biotechnology, Inc, Dallas, TX), lamin B1, p62 (Abcam, Cambridge, MA), K5, K8 (clone TS1) and K18 (clone DC10), RPN5 (ThermoScientific), K8 (clone Troma I) (Developmental Studies Hybridoma Bank, Iowa City, IA) and K18 (antibody 4468), 78 protein disulfide isomerase (Cell Signaling Technology, Danvers, MA), cyclin B1, and cyclin-dependent kinase 4 (Clontech, Mountain view, CA).
Western Blot Quantification
After developing the radiograph films, the films were scanned at 600-dots per inch resolution using a Cannon CanoScan LiDE 110 scanner (Cannon, Melville, NY). The band intensities from digitized images were quantified using ImageJ software (developed by National Institutes of Health, Bethesda, MD, and freely available at https://imagej.nih. gov/ij/download.html). The values shown are averages of 3 independent experiments ± standard error of measurement.
Porphyrin Measurement
Cell or tissue lysates (2 mL) were added to 200 mL of a 1:1 mixture of ethanol:perchloric acid (0.9 N). The fluorescence was measured in a Biotek Synergy HT 96-well plate reader (Biotek, Winooski, VT) using the filter sets 400/30 nm (excitation) and 590/35 nm (emission). The amount of porphyrin in the experimental samples was calculated by comparing the fluorescence value with a standard curve prepared using a known concentration of porphyrins.
Continuous Wave EPR Spectral Analysis
Huh7 cell were lysed with Empigen buffer (as earlier), then adjusted to 4 mg/mL protein concentration and treated with PP-IX (200 mmol/L, 15 min) in phosphate buffer (400 mmol/L, pH 7.4). The reaction mixture was supplemented with POBN as a spin trap (36 mmol/L final concentration). Where indicated, the reaction mixture also was supplemented with 20 mmol/L NaN 3 . Spectra were collected at 22 C using a flat cell with the following experimental conditions: microwave frequency, 9. 
Porphyrin Extraction
Huh7 cells were treated with 5 mmol/L PP-IX in serumfree Dulbecco's modified Eagle medium (1 h), then lysed with 1% NP-40 in PBS (pH 7.4 with 5 mmol/L EDTA) supplemented with protease inhibitors. After lysis, the NP-40 insoluble fraction (pellet) was dissolved in RIPA buffer (25 mmol/L Tris-HCl, pH 7.6, 150 mmol/L NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, supplemented with protease inhibitor) and then sonicated using 10-15 onesecond pulses (4 C). The RIPA-solubilized fraction was divided into 3 equal aliquots and used as follows: (1) as is, (2) to perform high salt extraction, 79 and (3) for acidified nbutanol extraction by mixing 100 mL of RIPA lysate with 850 mL of n-butanol and 50 mL of 0.1 N perchloric acid. The suspension then was pelleted (14,000 rpm, 4 C, 20 min). The supernatant was discarded and the pellet was washed once with -20 C chilled acetone and then suspended by sonicating in RIPA buffer followed by measuring the protein (BCA assay) and porphyrin levels.
For the tissue extractions, snap-frozen livers were collected from DDC-fed mice and then homogenized in a glass Dounce in 1% NP-40-containing buffer. The insoluble pellet fraction was processed in the same manner as described for Huh7 cells.
Protein Oxidation and Free Amino Acid Oxidation Analysis
Huh7 cells, grown in 150-mm dishes, were treated with PP-IX (5 mmol/L, 1 h), followed by collecting the cells by scraping, and then washing twice with PBS. The cell pellet then was suspended in 200 mL of deionized water, incubated for 20 minutes, 800 mL of methanol was added, mixed well, and then pelleted (4696g, 30 min, 4 C). The supernatant was collected and dried using a Speedvac vacuum concentrator (ThermoFisher Scientific, Waltham, MA) and then used for free amino acid oxidation analysis (methionine, met-sulfoxide, and met-sulfone) using liquid chromatography and MS. The pellet was resuspended by sonicating in Tris buffer (50 mmol/L, pH 8) containing 8 mol/L urea. After porphyrin and BCA assay measurement, the solutions were used for proteomic analysis as described. 22, 23 Aliquots also were examined by immune blotting.
Calculation for Fold Change in Protein Oxidation After PP-IX Treatment of Native Vs Predenatured Protein
The following equations were used:
Fold change ¼ A Liquid Chromatography-Mass Spectrometric Analysis of PP-IX Huh7 cells were lysed with 1% NP-40 in PBS (pH 7.4) containing 5 mmol/L EDTA and a protease inhibitor cocktail (catalog 78410; ThermoScientific), and then pelleted (14,000g, 10 min, 4 C). The pellet fraction was solubilized with 1% Empigen BB (in PBS, pH 7.4, containing 5 mmol/L EDTA and protease inhibitor cocktail). Protein content was quantified using a BCA assay (catalog 23225; ThermoScientific). The final composition of the reaction mixture was 1 mg/mL protein and 50 mmol/L PP-IX in 400 mmol/L phosphate buffer (pH 7.4). Control reactions consisted of 50 mmol/L PP-IX in 400 mmol/L phosphate buffer (pH 7.4). After incubating the samples for 30 minutes, at 22 C, under ambient lighting, PP-IX was extracted using 4 volumes of chilled methanol (-20 C), followed by pelleting (4696g, 20 min, 4 C). The supernatant was collected and analyzed by an Agilent Q-TOF (Santa Clara, CA) mass spectrometer equipped with an ultra-high-pressure liquid chromatography system with a binary pump, an autosampler with thermostatic temperature control, a photodiode array detector, and Agilent Masshunter Data Acquisition software. A reversephase octadecylsilica (C18) (Zorbax eclipse plus, 201 mm Â 50 mm dimension, 1.8-mm particle size, Agilent part 959757-902, Santa Clara, CA) column was used. The flow rate was 0.4 mL/min with linear gradients of solvents A and B (A, 0.1% formic acid in water; B, 0.1% formic acid in acetonitrile). The solvent gradient was as follows: 0-1 minute, 5% B; 1-8 minutes, 100% B; and 8-10 minutes, 100% B. The column was equilibrated with 95% solvent A for 2 minutes between every injection. Liquid chromatography electrospray ionization MS in the positive modes were performed using the following parameters: drying gas flow of 5 L/min, drying gas temperature of 325 C, and mass range between m/z 52 and m/z 3200 was scanned to obtain full scan mass spectra. Under these conditions, PP-IX ion was detected at (M þ H) þ 563. The photodiode array detector was set at 400 nm to obtain the chromatogram.
Fluorescence-Activated Cell Sorter Analysis for Cellular DNA Content Huh7 cells (2.1 Â 10 6 ) were plated on 150-mm tissue culture dishes. After 1 day, the media was switched to include ALA (1 mmol/L) and DFO (100 mmol/L). The cells then were harvested by trypsinization at the indicated time points after initiating the ALA þ DFO treatment. Cell viability was estimated using Trypan blue. For fluorescenceactivated cell sorter analysis, 10 6 cells/sample were used. The cells were fixed with ethanol and stained with the nuclear stain FxCycle Far Red (ThermoFisher), and analyzed using a Bio-Rad (Hercules, CA) ZE5 cell analyzer.
Statistical Analysis
Statistical analysis of the immunoblot relative band intensities, porphyrin measurements, area under the curve of metabolites (from mass spectrometric experiments), cell viability using Trypan blue staining, and fluorescence-activated cell sorter analysis were performed using GraphPad Prism software (GraphPad Software, San Diego, CA). Statistical comparisons were performed using the unpaired t test (2-tailed).
